Breast augmentation using implants is the most common aesthetic and reconstructive breast surgical procedure. Complications such as implant rupture maybe related to surgical technique and damage to the implant. Autologous fat transfer (lipofilling) using metallic cannulae has become a standard adjunctive, yet there is little evidence on lipofilling safety in the presence of implants. The aims of this study are to verify the effects of different cannulae and to quantify the forces applied by surgeons during lipofilling. Silicone gel-filled textured implants (200 mL), mounted on a specially constructed mould were ruptured with two different cannulae: type A (hole at tip: sharp) and type B (hole away from tip: blunt), driven at three speeds (10, 100 and 1000 mm/min), and the force at rupture was recorded. In addition, the maximum 10 forces over a 30-s period applied by 11 plastic surgeons against a breast implant in an in vitro environment were recorded using a load cell attached to a type-A cannula. Statistical analysis of comparative results was performed using t-tests, with p \ 0.05 considered significant. Results showed that the implant ruptured at forces up to 25% lower when cannula A was used compared to cannula B. This supports current technique in lipofilling in the use of a blunt tipped cannula. There was a significant difference between some displacement rates only, due to the viscoelastic nature of the material. The tactile force that surgeons use during lipofilling was modelled in vitro and showed a range of maximum forces between 0.23 and 16.8 N, with a mean maximum value of 6.9 N. Limitation of this study is that it may not reflect in vivo behaviour of breast implants. More studies are needed to confirm the safety of breast lipofilling in the presence of implants using these data as a starting point.
Introduction
Silicone breast implants have become a well-established method for cosmetic breast augmentation and reconstruction. The procedure has increased in popularity with 11,123 procedures performed in the United Kingdom in 2013 (up 13% on the previous year). 1 Lipofilling (lipo-remodelling or autologous fat transfer) is the process of transferring fat harvested by liposuction from one body site and injected as a graft to augment another site with a deficit and has guidelines published on both surgical procedure and training. 2 It was first described nearly 30 years ago 3, 4 and popularised in the 1990s by Sydney Coleman. 5 Lipofilling is an increasingly common adjunct to aesthetic and reconstructive breast surgery. It can be performed in order to fill residual breast contour defects, improve the skin envelope (especially post radiotherapy), to give added cover over a visible or rippling breast implant or even for total breast reconstruction. 6, 7 Recent scientific reviews of the evidence have been reassuring regarding the safety of fat transfer to the breast. 8 Coleman and Saboeiro 9 and others criticised the out of date 1987 American Society of Plastic Surgeons (ASPS, Arlington Heights, IL, USA, http:// www.plasticsurgery.org/) position paper advising against fat grafting to the breast to avoid compromising cancer detection. The ASPS updated their guiding principles giving a more favourable and evidence-based opinion on this in 2012. 10 Although long-term safety data are still lacking, the current evidence is reassuring. 11, 12 However, in breasts with an implant in situ, there are some concerns over the risk of damaging the implant with the lipofilling cannulae and potentially rupturing the implant. Guidelines recommend the use of a blunt tipped cannula. 2 During the lipofilling process, however, this is at the surgeon's discretion.
Silicone breast implant durability, changes in mechanical and chemical properties of their shells and fillings over time and mechanisms for failure have been studied by numerous authors with differing opinions. [13] [14] [15] [16] [17] [18] [19] [20] [21] The properties, both mechanical and chemical, can vary between different implants, even those from the same supplier. 13 The recent reports on the recall of Poly Implant Prosthe`se (PIP; La Seyne-surMer, France) implants highlight the importance of understanding the safety and durability of breast implants. PIP implants were reported by the UK National Health Service to have a higher rupture rate with respect to time than other implants, making them substandard and potentially requiring removal. 22 The testing of both breast implant materials and of the finished implants is vital to enhance the understanding and use of implants.
The aim of this study was to assess the effect of different cannulae used during lipofilling and to increase understanding of the forces which breast implants come into contact with during lipofilling.
Materials and methods

Implants and cannulae
A 200-mL standard textured silicone-filled shell breast implants (GFX200) were supplied by Nagor (Nagor Ltd, Glasgow, UK). These implants did not pass the final stage of quality control (human visual inspection) for human implantation, however, for mechanical testing, they were sufficiently representative.
Two types of fat-injection cannulae suitable for lipofilling were supplied by Cloverleaf Medical (Chalfont St Giles, Buckinghamshire, UK), both with an external diameter of 2 mm. Cannula A has a smaller surface area at the tip than Cannula B due to the location of the outlet port. This makes the contact area with the implant smaller and the tip 'sharper' (Figure 1 ).
Cannula rupture experiments
In order to compare the rupture force of the two different types of cannulae, a number of experiments were performed using a Hounsfield HK Tensometer with a 50-N load cell (Tinius Olsen Ltd., Salfords, Surrey, UK).
The silicone breast implants were mounted within a wooden mould that was tightened around the implant, leaving a section on the top and the bottom of the implant open to allow access for the cannulae. This allowed a small force which is spread across the main body of the implant to be applied to the implant. A small area is exposed, and due to the force applied across the un-exposed surfaces, this area has a limited deformation and movement, when the force of the cannula is applied. A small hole is also present in the base of the mould. This allows the cannula to travel through the implant, preventing the cannula from making contact with a hard base, whereby the force would be a measure of the compression of the shell against that base. The aim was to provide a practical method of testing, and to partially simulate the encapsulation which naturally occurs in the body.
The numbers recorded in this experiment are relative only to the experiment in which they are performed, and are not a direct comparison to the in vivo scenario where there are many other variables. However, they do provide a platform on which to introduce variables such as displacement speed and cannula type in order to perform comparisons.
Each cannula was attached to the crosshead of the tensometer in a vertical position (Figure 2) . The crosshead was then moved downwards at the speed required, causing it to make contact with the exposed section of the silicone breast implant. The cannula continued moving downwards compressing the implant until implant rupture. The crosshead was then stopped and the maximum force required to cause rupture was recorded.
Each breast implant was tested between three and five times in different positions on the shell. Penetration points were not close enough together to cause degradation in strength at the point of contact.
Silicone rubber has been shown to exhibit viscoelastic behaviour 23 and as such can be sensitive to different loading rates. In order to determine the effect of test speed on these silicone breast implants, three test displacement rates of 10, 100 and 1000 mm/min were used.
Tactile force of surgeons
The forces surgeons use during lipofilling procedures were simulated, in order to investigate the tactile feedback force at which surgeons withdraw the cannula from the patient and therefore, the maximum force the implant is likely to be exposed to. A breast implant was covered with a substitute skin (Professional Skin Pad Mk 2 2 Light, Limbs & Things LTD, Bristol, UK) and secured to a wooden board (Figure 3 ). The skin substitute is comprised of three layers with a dermis, epidermis and fat layer. A small incision was made using a scalpel at the approximate position which would be made for a lipofilling procedure, thereby allowing access to the area immediately around the implant for injection of fat. A cannula (type B) was connected to a small plastic handle with a 5-kg load cell (Phidgets, Calgary, Canada) being positioned between the two. The load cell was wired via an amplifier to a data acquisitioner (DAQ; National Instruments Corporation UK Ltd., Newbury, Berkshire, UK) and into the PC where National Instrument software (National Instruments Corporation UK Ltd., Newbury, Berkshire, UK) was used to convert voltage to Newtons (Figure 4) . The equipment was calibrated in the laboratory using known masses prior to testing.
Each surgeon was requested to push the cannula through the incision in the model and perform the motion with the cannula as would be done during lipofilling. The surgeons would push forwards with the cannula and draw back at the point of resistance at which they would withdraw from during the process of lipofilling, that is, the point at which they would feel they had made contact with the implant in the body.
A total of 11 plastic surgeons, all of whom perform lipofilling on patients, were asked to complete this test. The software was programmed to show the maximum force applied by the surgeon every 3 s. Ten of these maximum forces were measured during each test using the setup, with each experiment lasting just over 30 s. The mean values were calculated for each surgeon, and then the means for all surgeons were calculated. By measuring the maximum force every 3 s, a range of maximum possible applied forces could be recorded and analysed.
Statistical analysis
Student's t-test was conducted between relevant sets of results to test the hypothesis of the difference between data sets as being statistically significant. Sample sets were considered as two tailed (i.e. no predefined results direction) and as unpaired with equal variances. Results were considered significant if p \ 0.05. The comparison data sets are shown in Table 1 .
Results
This study aimed to assess the difference in rupture potential between two different types of cannulae and also to investigate the forces used by surgeons in the process of lipofilling about breast implants.
Cannula rupture
The mean forces required to rupture the implants at each displacement rate are shown in Figure 5 , and the full set of results including statistical significance can be seen in Table 1 .
There was a statistically significant difference between the rupture values for cannula A versus cannula B. The mean force to rupture with a standard Atype cannula with the outlet port at the tip was 21.4% lower than with a standard B-type cannula at displacement speeds of 1000 mm/min. And at 100 and 10 mm/ min, the difference was 17.8% and 24.9%, respectively.
For both cannulae A and B, no significant difference was found between the forces at the displacement rates of 1000 and 100 mm/min. However, there was a significant difference between the forces at displacement rates 1000 and 10 mm/min for both cannula types. Between speeds of 100 and 10 mm/min, cannula A showed a difference between the mean recorded forces, whereas cannula B did not (p = 0.0554).
Tactile force of surgeons
The maximum force applied by the surgeon from the cannula to the implant was recorded every 3 s during an in vitro test. These values were averaged to obtain the mean value for each surgeon and averaged across all surgeons also. The results show a wide range of mean forces from different surgeons (1.4-14.5 N), with an even greater range of individual maximum forces (0. 23-16.8 N) . The mean maximum tactile force plastic surgeons were measured as using was 6.9 N (standard deviation of 3.9 N).
Conclusion
We are not aware of any previous studies to compare our results with, but we feel, in an era rightly focussed on patient safety first, that there is a need for further studies on this area. In the context that the combination of artificial breast implantation and lipofilling is now commonplace, it would seem appropriate that implant manufacturers consider developing a standard testing protocol for the safety of lipofilling around an implant.
There are significant limitations to this study. First this in vitro study to analyse the different cannulae was performed on new implants before human implantation and the biomechanical interactions and potential for implant physical property changes, specifically strength degradation with time, could not be assessed. Second and related, it is known that implants form a surrounding capsule in vivo and this was not fully modelled in this study and therefore conclusions on the safety of lipofilling at a secondary procedure become harder to interpret. Third, the testing has been performed on one type of breast implant and two lipofilling cannulae. There is a range of implants and cannulae in common practice and any generalisability of our findings is thus limited. Finally, we have only tested our implants under one set of controlled conditions. There are many variables to consider, and in this way, we have eliminated all those variables save those we wished to change. However, the numbers generated from these tests are Figure 5 . The mean rupture force for each cannula at each displacement rate (error bars show 6 1 standard deviation).
comparable only to those tests run under identical conditions and cannot be compared further. The measurement of tactile force from lipofilling also has limitations. The ethical implication of measuring surgeons during actual surgery is of concern; the knowledge of measurement may alter technique, consciously or subconsciously. For this reason, an in vitro model was developed, alleviating the ethical implications and providing repeatable and measureable experiment. However, this is not the same as the in vivo scenario and so the limitation must be accepted.
The conclusions drawn from this study are:
The technique used by surgeons in the procedure of lipofilling around breast implants can result in a wide range of forces. Cannulae with end-positioned outlet holes (type A) can rupture implants with significantly less force than cannulae with outlet holes positioned away from the end (type B) at various displacement rates. The viscoelastic nature of silicone materials results in a significant difference between the force required to rupture implants at very low displacement rates compared with very high displacement rates.
Silicone breast implants are already rigorously tested and analysed; however, with new techniques and equipment being constantly developed and updated, more analysis as to the effects of these techniques needs to be undertaken. As yet, there is no standard method for testing lipofilling effects on silicone breast implants (aged and unaged), which could be advantageous to be developed.
